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Preface

The study of aircraft flight control is a very broad field. In
selecting a thesis topic, I was interested in choosing a project that
would permit me to experience as many aspects of this field as possible.
This necessitated that the project be small enough in scope that it
afforded me the opportunity to engage in analysis as well as design.

The NEXTRPV program was well suited to meet this goal. Whereas this
project is not necessarily glamorous, it gave me the chance to exper-
ience "basic" engineering which I believe is an importart part of any
education.

This thesis originally began as strictly a flight control system
analysis and design for an existing remotely piloted vehicle (RPV). As
the project progressed, it became evident that the RPV was fairly stable
and would not need as much flight control augmentation as initially
anticipated. Tharefore, this thesis was extended to include an investi-
gation of a practical application of this RPV.

tlany people contributed to this thesis. To each of them, I say
thank you. Speciel thanks goes to my thesis advisor, Captain James T.
Silverthorn, for his numerous suggestions and neverending attention.

My gratituce is extended to Professors Rohert A. Calico and John J.
D'Azzo whose assistance was invaluable. My appreciation is also ex-
pressed to Mrs Anna Lloyd for rreparing this manuscript. Lastly, I
would like to thank my wife, Susan, whose constant support, encourage-

ment, and understanding made the completion of this project possible.

Brian L. Jones
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Abstract

‘:*‘This study investigated the stability and control of a remotely
piloted vehicle (RPV) with a thrust vectoring unit attached. Al1l
geometric and aerodynamic data was generated and used to analyze
the RPV. Specific handling qualities were developed and comparad
with the RPV characteristics. This comparison indicated that the RPV
was too oscillatory in buth the phugeid and dutch roll mcdes. Also,
the RPV displayed a dominant spirai mocde, A flight control system
was synthesized to eliminate these traits. Evaluation of this flight
control system was ccnducted through the use of three different
sensitivity studies and a noulinear simulation. In addition, a model

matching application was examincd for this RPV. Model matching entails

using design procedures to synthesize an expanded flight control system

so that the RPV has dynamic characleristics similar to the F-15}\
It
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FLIGHT CONTROL SYSTEM ANALYSIS AND DESIGN FOR
A RENMOTELY PILOTED VEHICLE WITH THRUST VECTORING UNIT

[. Introduction

Background

In aircraft design, the aeronautical engineer is faced with many
design objectives. For military aircraft, these objectives would in-
¢lude such traits as: Tlow observability, high lethality and survivabil-

ity, STOL capability, and lastly, air-to-air and air-to-ground capabil-

ity. Several schocls of thought exist on how to satisfy those objectives.

One alternative is the use of a thrust vectoring unit (TVU). With such
a unit employed, the tail section could be removed without any reduction
in aircraft control. This would reduce the infrared signature and honca
lower an aircraft's observability. Also, thrust vectaring increases an
aircraft's maneuverability, which, in turn, increases its lethality and
survivability while enhancing its air-to-air and air-to-ground canabil-
ity. In addition, thrust vectoring has been shown to improve an air-
crafi's STOL capabitity.

Jith a continual reduction in funding, the Air Force nccds to find
inexpensive ways in which to develop and test such theories as thrust
vectoring. Onc answer to this problem is using remately piloted ve-
hicles (RPYs) as flight test vehicles. RPVs can be operated at a small
fraction of the cost of a test aircraft, resulting in cubstantial
savings in research dollars.

The two above mentioned concepts were combined to form the NEXTRPY

program under the direction of the Control Systems Develupnent Branch

oy
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(AFWAL/FIGL), Flight Dynamics Laboratory, Air Force Wright Acronautical

Laboratories. Their stated objective was to

demonstrate the use of practical thrust vectoring and digital
flight control systems in a low cost flight research vehicle
oriented toward a more stealthy design with an expanded maneuver-
ing envelope.

The approach the laboratory intended to pursue was to first integrate

the TVU into the RPV through an analog control system. Flight control

authority would gradually be transferred to the TVU over a series of
! test flights. Following the successful completion of the TVU full
authority test flight, the entire prccedure would be repeated using a
digital control system. At the conclusion ot this phase, the tail
section would be removed for a final performance evaluation.

The RPV chosen for this program suited it well for several reasons. 1
Since this RPV was obtained from a previous program, it had already been
flight proven. Thus, all considerations other than flight control system

(FCS) design were elininated from this project. Also, the twin boom/

vertical tail assembly required littie modification for the TVU addition
(see Fig J). Lastly, since the RPV was already constructed, the associ-

ated develcpmsni costs were saved. i

Problem Statement, Scope, and Assumptions

The purpose of this study was to determine the stability and con-
trol characteristics, develop specific handling qualitics, synthesize a
FCS to satisfy these handling qualities, and investigate a practical

application of this RPV.

This study was restricted to the TVU zero authority case. 1In other

words, the TVU was attached to the RPV, but was given no control

(48]
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authority. The only exception appeared in the basic analysis. In this
phase, center of gravity location and TVU attachment were used as
parameters. X-axis center of gravity (xcg) assumed three locations:

10, 25, and 40 percent mean aerodynamic chord (mac). The TVU attached
and unattached cases were examined for each xcg location. The practical
application was restricted to the longitudinal case. As shown in Chapter
V, the lateral-directional case would simply be a repetition of the

same theory.

Initially, several simplifying assumptions were impcsed. Perturba-
tions about straight and level flight were assumed. This allowed the
linearized aircraft equations of motion to be decouplied into longitudinal
and lateral-directional sets. For the FCS desiqgn, only pitch, roll, and

yaw rates were acceptable feedbacks. It was further assumed that a

processing unit would be accessible should compensation be required.
Lastly, full state feedback was assumed available for the practical

application.

Approach and Presentation

This study was separated into four major phases. Phase one con-

sisted of obtaining all necessary geometric and aercodynamic data for

this RPV, followad by the generation of six sets of stability derivatives
(TVU attached and unattached cases for three xcg locations). These sets
made up the mathematical models used in this study. Chapter II of
this report presents the rasults of phase one.

The basic analysis of the RPV constituted phase two. This analysis
began with the development of specific RPV handling qualities. The
aircraft equations of motion were derived and o modal analysis of the

six models generated in phase one was conducted. Phase two concluded




with a comparison of the modal analysis with the RPV handling qualities.
The report on phase two is contained in Chapter III.

Phase three involved the design and evaluation of a FCS to satisfy
all the handling qualities. Sensitivity studies and a nonltinear simu-
lation were used to evaluate the FCS. Phase three is documented in
Chapter 1V.

Lastly, phase four entailed an investigation into a practical appli-
cation (model matching) for this RPV. #&n expanded FCS was synthesized
to make this RPV have dynamic characteristics similar to an F-15. Three
different design procedures were examined and are described in Chapter V.

The final chapter of this report, Chapter VI, presents conclusions

and recommendations.

i




IT. RPV Model Generation

Aircraft stability and control characteristics are usually examined
based upon a linearized set of differential equations of motion. The
development of these equations (see Chapter III) contains numerous param-
eters which fall into three categories: physical quantities, flight con-
dition defining quantities, and stability derivatives. The purpose of

this chapter is to gencrate these parameters for this particular RPV.

Method

The physical quantities (mass, moment of inertia, etc.) and flight
condition defining terms (airspced, dynamic pressure, etc.) were easily
determined from the size of the RPV and its expected flight regime.
Thus, the major crux of the model generation became calculating the
stability derivatives. Applicable publications were consulted in order
to determine the most appropriate method of calculating these deriva-

tives. Most publications reviewed listed The USAF Stability and Control

DATCOM (Ref 8) as a reference. These manuals contain empirical forwulas
and methods for determining stability and control derivatives, aircraft
moments of inertia, etc. A computerized version of these methods appears

as The USAF Stability and Control Digital Datcom (Ref 18). Oue to the

widespread acceptance of Datcom methods and the versatility of a com-
puter program, it was decided that Digital Datcom would be the best

source of stability derivatives.

Digital Datcom requires three types of input data: aircraft

geometry, airfoil section characteristics, and flight condition.




Aircraft geemetry was obtained by directly measuring the RPV's physical
dimensions. A circular cross-section approximation was employed for

the fuselage and booms (see Fig 1). Table I is a summary of all

J

L Fuselage Bcom

N

"~

-

e

Figure 1. Circular Cross-Section Approximation
for the Fuselage and Boom
measurements.

Two major modifications were planned for the RPY and were incor-
porated into the mathematical model. The first was a two foot nose
extension and tre second was the addition of the TVU. Eoth wmodifica-
tions were modelled as part of the fuselage.

Next, airfoil section characteristics were cequired for each air-
foil. The wing was found to have & varying airfoil section, a NACA
23012 at the root and a NACA 4412 at the tip. The horizontal tail was
a NACA 0009 while the verticai tails were NACA 0010 airfoil sections.
Since NACA airfoil scctions were found (Ref 1), Digital Datcom's in-
ternal aerodynamics packege was utilized for ihe gencrailion of section
characteristics. An apprcximation of the wirg's wvarying airfoil section
was formulated by computing two sets of stability derivatives, one set
for each of the root and tip airfoil scctions, and linearly averaging
the results. This approximation should be azcurate since the differ-

ence between the individual stability derivatives was small.
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Table 1. Physical Diwensions of the RPV

a. Ming, Horizontal Tail, and Vertical Tail Dimensions*

W. H.T. vV.T.
Apex, ft:
Xx-axis 4.25 11.39 9.49
z-axis 0.60 2.10 0
Chord, ft:
root 2.52 1.29 2.15
tip 2.00 1.29 1.30
Incidence Angle, deg: 0.95 0 0
Span, ft:
exposed 13.00 4.88 2.17
theoretical 13.71 5.00 2.33
Sweptback Angle, deq:
leading edge:
inboard panel 3.50 0 35.00
outboard panel 3.50 0 35.00
trailing edge:
inboard panel 0 0 18.00
outboard panel -1.40 0 18.00

— g KGRt S U

* See Ref 18 for definitions of terms.




Table 1. (continued)

b. Fuselaae Dimensions |
t x-station, ft perimcter, ft area, Ft2 radius, ft
2.00 3.33 0.88 0.53
2.42 3.42 0.93 0.54
2.83 3.58 1.02 0.57
3.25 3.7 1.09 0.59
3.67 3.79 1.14 0.60
3.83 3.83 1.17 0.61
4.25 3.75 1.12 0.60 |
4.75 3.75 1.12 0.60 |
5.25 3.75 1.12 0.60 I
5.75 3.75 i.12 0.60 ! ]
6.25 3.75 1.12 0.60 | i
6.75 3.75 | 1.12 0.60 . 1
| c. Boom Dimensions
x-station, ft perimeter, ft area, f£t2 radius, ft
P e e - 4
5.00 0.67 0.035 0.1
5.42 1.58 0.20 0.25
5.83 1.83 0.27 0.29
6.33 1.92 0.29 0.30
6.75 1.67 0.22 0.26
7.17 1.62 0.21 0.26
7.58 1.58 0.20 0.25
8.00 1.50 0.18 0.24 ‘
8.42 1.42 0.16 0.22
? 8.83 1.35 0.15 0.22 |
9.25 1.29 0.13 1 0.21
‘ 9.67 1.2 0.12 0.19 |
l 10.03 1.12 i 0.10 | 0.18 |
10.50 1.00 ; 0.080 0.16 :
1 10.92 0.92 i 0.067 0.15 |
? L 11.25 0.83 | 0.055 « 0.13 ;
|

i
4
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Flight conditicn defining parameters was tie lost set of input data
needed. After consideration of the engine capabilities and the flight

profiles expected, the airspeed regime wias determined to range from

Mach 0.05 to Mach 0.20. Similarly, the angle of attack range was
formulated as -4 deg to 15 deg. Sea lovel conditions were assumed

for all quantities requiring atmospheric conditions.

Formulation of the RPY Representations

The choice of Digital Datcom specified the basic RPY reprecsentation 1

as a straight tapered wing and one vertical tail of increased area. It i

was decided to employ a scale factor of 1.75 in increasing the vertical
tail area. This choice was somewhat arvitrary since no documentation
could be found on this type of approximation. Geometric relationships
(sweepback angles) and aspect ratio were preserved in the scaling up of )
the vertical tail.

In addition, the cross-sectional areas (in the body namelist) were
increased to include the effects of the beowms. Because of the blanking
effect of the TVU, only the area of one boom was added to the fuselage.
When the TVU was absent from the RPV configuration, the areas of both
booms were added to the fuselage. A1l other data utilizod in the
representations was takaen from Table I.

Twe parameters wero choten for investigition: xcg Tocaticn and

TVU attachment. The xcqg lccation assumed three values (10, 25, and

40 percent mac). Both the TVU attached and unattached cases were

examined for each xcg location. Thus, a total of six cases were

investigated:




Case 1 - TVU attached, xcg = 107 mac

Case 2 - TVU attached, xcg = 25% mac
Case 3 - TVU attached, xcg = 407 mac
Case 4 - TVU unattached, xcg = 10% mac
Case 5 - TVU unattached, xcg = 25% mac
Case 6 - TVU unattachnd, xcg = 40% mac

Hence, the effect of the TVU and the xcg location on the RPY character-
istics could be determined.

With the input data finaiized, the RPY representations were com-
plete. Figure 2 contains the input data cards for Digital Datcom.
The four underlincd statements had to be changed with each case. A
visual interpretation of the RPV with the TVU attached and unattached

can be found in Figs 3 and 4, respectively.

Data Reduction

Since the entire flight regime specified 16 Mach nunbers and 20
angles of attack per Mach number, Digital Datcom generated 320 sets of
stability derivatives for each case (i.e., a data bank). Unfortunately,
the aircraft equations of motion could accept only one set of stability
derivatives at a time. Thus, a nominal flight condition was nceded.
Three techniques were examined in the selection of this flight con-
dition: 1ift averaging, best endurance, and best range.

The Tift averaging technique assumed straight and level flight.

Thus,

10
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a. Actual RPV

A/

b. Representation

P
g

Figure 3. Compariscn of the Actual RPV and Its Digital
Datcom Representation with the TVU Attached
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a. Actual RPY

N

b. Representation

Figure 4. Comparisen of the Actual RPV and Its Digital
Datcom Representation with the TVU Unattached
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Substituting v2 = M2c2 and solving for Cl yields

CL = ___2 _bi,_

Spc2M2

Assuming the naximum weight (250 1b) and substituting the appropriate

values gives

or

M= 7:38.x 10 -2 (2)

From Eq (1), CL can be calculated over the range of reascnable Mach

numbers (Table II). A linear average of 1ift coefficient was
determined as C_ = 0.59 which represented the average amount of 1ift
required over the entire flight regime. Substituting this value into
Eq (2) produced an associated Mach number of Mach 0.10. Digital Datcom
specifies its flight condition in terms of angle of attack rather than
the Tift coefficient. Therefore, the data bank was interpolated (using
Mach 0.10 and C{ = 0.59) to produce an associated angle of attack of
a = 2 deg.

As alternate methods for selecting a nominal flight conditien,
best endurance and best range flight profiles were considered (Ref 7:
Sec I1I, 32, 37). After considering that the RPV would be flown oy
sight, it became apparent that neither of these two flight profiles
could be maintained. Tnerefore, the results of the 1ift averaging
technique {Mach 0.10, ~« = 2 deg) were used as the nominal fliqght

condition.

14




Teble II. Required Lift Coefficient for Straight and Level Flight
M C,
0.20 0.14
0.19 0.15
0.18 0.17
0.17 0.19
0.16 0.21
0.15 0.24
0.14 0.28 f
0.13 0.32 i
0.12 0.38
0.11 0.45 j
0.10 0.5 |
0.09 0.67
0.08 0.35
0.07 1.1
| 0.06 1.51 ;
; 0.95 2.18 f .i
i Linear Average 0.59 ; :

15
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Finally, the trim condition needed to be verified fo insure that

this was an appropriate choice of flight condition. During straight and

level flight, the pitching moment equation becomes
Cm = Cig + Chng o * Cmde se 1

In a trimeed aircraft, Cpm = 0. Using this value and solving for dey.ip

produces

Setrim = —p—%—

Substituting the Case 2 values

] -0.06 0.023)(2.0
oetyim "’“'”—f'o‘f*o"ﬁr- 1(2.0)

0.33 deg

Thus, it was decided that the RPV was in a trimmed flight condition.
Table III contains a complete summary of the stability derivatives at

the nominal flight condition.

Hand Calculations of the Remaining Terms
Three types of paramaters were still needed to compiete the model
of the RPV: the remaining stability derivatives (e.qg. Cxu), the <ontrol

derivatives (e.g. Cm;e), and the physical quantities (e.g. Iy). The

o o

compiete derivation of these parameters is given in Appendix A. In

addition, these parameters are simmarized in Table [II.

Summary
Table III contains a summary of the mathematical models used in

this study. Five approximations were included in the ceneration of

16
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these models:

1. Circular cross-sections were used for the fuselage.

2. A straight tapered wing was substituted for the cranked wing.

3. One vertical tail of increased area (75% greater) was sub-
stituted for the twin vertical tails.

4. The effects of the booms were incorporated into the fuselage
representation.

5. Average stability derivatives were computed using the root wing

section and tip wing section cases.
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ITI. Analysis of the RPV

Before any reasonable FCS synthesis could be undertaken, flight
specifications had to be developed and the unaugmonted systein
analyzed. Thus, the purpose of this chapter is to present specific
RPY handling qualities, followed by the abuve mentioned analysis.

This analysis was dividad into four parts: derivation of the aircraft
equations of moticn, examination ot the mcdal characteristics, genera-
tion of transfer functions and time responses, and develnsment of con-

clusions.

Handling Qualities

A literature roview resulted in only one publication (Ref 14) which
specifically addressed RPY handling qualitics: unfortunately, sections
of this publication are incomplete. However, since all publications
reviewad relied heavily upon the criteria set forth in various Military
Specifications, it was decided that a comparison sludy of the following
four specifications would provide the most appronriate source of handling

qualities:

1. RPY Flying Qualities Design Criteria, AFFDL-TR-76-125 (Ref 14).
2. Flying Qualities of Piloted Aircratt, MIL-F-3785B (Ref 4).

3. Flying Qualities of Piloted V/STOL Aircraft, MIL-F-83200 (Ref 5).
4. Flight Control Systems - Design, Installation, and Test of

Piloted Vehicles, MIL-F-9490D (Ref 17).

When present, the specitications from AFTCL-TR-76-125 were used
sinca this roport specifically addressed RPVs.  The handiing qualities

in the Military Snecifications were used Lo complement thoce areas

20
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which AFFDL-TR-76-125 did not cover. Table IV contains the results

of this comparison study. It consists primarily of eigenvalue specifica-
tions which establish the allowable rance of values for the roots of

the characteristic equation.

Several restrictions in determining these handling qualities were
imposed from the onset:

-- The general specifications, such as "Each mode will have
sufficient damping", are not repeated in Table IV,

-- Since the aircraft in this study was a RPY, all stick force,
pedal force, and control force specifications were omitted. 1t was
assumed that the servo would generate sufficient power to deflect all
control surfaces.

-- Since this RPV was dosignated as a research vehicle, it was
assumed that it would be flown on a "good" day. Thaerefore, atmospheric
disturbance specifications were delcted.

-- This RPV will be flown by siyght; thus, display specifications
were omitted.

-- It was assumed that the data Tink was sufficiently reliable
and capable of transmitting all necessary information.

-- Redundancy and failure rates were not considered.

Equations of Motion

The aircraft cquations of wmotion are a sct of nonlincar, coupled
force and moment equations which completely describe the motion of an
aircraft in irertial space. By assuming perturbations about straight
and level flight, those equations can be decoupled into a longitudinal

set and a lateral-directional set. Linearizing these equalions about

21
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Table IV, Handiing Qualities i

Classification: Class IIl - medium maneuverability
Flight Phase: Category A - rapid mancuvering

Level: Level 1 - normal operation

Longitudinal Case:

, — e — )
‘ tsp - 0.35 < csp < 1.30

i &p - tp »0.04

! Residual Oscillation - <+ 0.60 deg

! Dynamic Oscillation - I short term dynamic oscillation

i preduced by 2 pulse elevator

( cshali not diverge faster than a

time to double of 15 sec.

Lateral-Directional Case:

-DR Thr > 0.19
“npRr - “npp > 0.40 rad/sec

Dutch Rol1 Tine Parameter

-

CDRMHDR > 0.35 + LODRENDR
[ whore?AzDRunDR = 0.014
| [*”DR‘ f@/F;DR - 20]
! TR - T < 1.4 sec
Spiral Mode

For a steady state disturbance
‘ in : of 20 deg, the time to

) double must he areater than
? 20 sec.

| Rol11 Effectiveness > 30 deg & in 1.5 sec

Roil1-Spiral Coupling - None

—— — e e e ey
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an arbitrary equilibrium condition pormitted the perturbation equations
of motion to be formed. These cquations were writton in steto equation
form so that individual transfer functions and medal characteristics

could be determined. The complete derivation of the nerturbation state

equations is found in Appendix B.

Modal Analysis

The nodels of Chapler I1 wore used in thne perturbation cequations
of motion, resulting in tuelve sets of state cquations, six for each
of the longitudinal and lateral-directional cases. Recall that 2 state
equation is of the form

x=Ax+3u

where the A malrix deterrdnes the characltoristic comation of the system.

Each A natrix was used in a connater progran (Ref 16) which deterinined

e s ek e




the characteristic equation, and nence, the wmodal characteristics of
each system. Table V summarizes the characteristic equations while
Table VI summarizes the modal characteristics.

A comparison of Table YI with Table IV indicated that:

== Igps UNpR» Tp satisfied their respective handling qualities
by a wide margin.

== %p satisfied its specification, but only by a small margin.

~- tngp did not satisfy its handling quality in cases 4 and 5, and
was at its upper 1imit in the other cases.

-- gpR and Tg «id not satisfy their respective specifications.

-- Since all tne longitudinal roots were stable, no dynamic
oscitlations exceeded a time to double of 15 sec.

-~ Mo roll-spiral coupling existed since each mede had a real
root.

-- Frequently, residual oscillations are th~ resuit of nonlinear-
jties in the control systom (e.q. dead zone). hence, no simple way
to evaluate these effects existed within the scope of this study.

Two handling qualities required more investigation than the above
comparison: dutch roll time parameter (fUR“ﬂDR) and roll effectiveness.

Th

[12]

dutch roll time parameter handling quality is given in terms of the
phi to beta ratio (|a/2lpr). This ratio may be found by dctermining
the ragnitude of tho phi and teta envelopes at an instant of timo from
the rudder pulse time responses (Ref 4:673). Utilizing this procedure

and the time responses from Anpendix C, the dutch roll time parareter

specifications were dotermincd using the average f¢/ﬁ[DR with the

following results:
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Table V. Characteristic Equations of the Basic RPY

Lorngitudinal Case:
Case “ Chamcteristic Equation
1 (s + 6.34s + 39.35)(s2 + 0.040s + 0.16) = 0 !
2 (s + 7.38s + 37.01)(s2 + 0.042s + 0.15) = 0
3 (s? + 8.20s + 24.16)(s2 + 0.052s + 0.11) = 0
4 (s + 9.64s + 65.72)(s% + 0.040s + 0.18) = 0
5 (s2 + 12.73s + 31.49)(s2 + 0.0465 + 0.16) = 0
6 (s + 11.27)(s + 4.68)(s2 + 0.074s + 0.093) = 0
| Lateral-Directional Case:
Case - V@haracteristic Equation
1 (s + 11.50)(s - 0.042)(s2 + 1.49s + 19.03) = 0
2 (s + 11.18)(s - 0.042)(s% + 1.42s + 17.76) = 0
3 (s + 10.28)(s - 0.042)(s2 + 1.34s + 16.50) = 0
4 (s +11.30)(s - 0.044)(s2 + 1.23s + 17.85) = 0
5 (s + 10.99)(s - 0.043)(s? + 1.17s + 16.63) = 0
(s +10.71)(s - 0.044)(s? + 1.08s + 15.41) = 0

25
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Case 1:771pr Handling Quality
2 1.63 DR-NgR > 0.48

Comparing these values with Table VI showed that the dutch roll time
parameter specification was satisfied.

Likewise, the roll effectiveness of the RPV neceded to be determined.
With maximum deflection of the ailerons (15 deg), the RPV produced 62
deg and 64 deg of bank in 1.5 sec for cases 2 and 5, respectively (Fig 6).
Hence, the RPV had over twice the required roll affcctiveness.

Although not specifically mentioned in the handling qualities, one
other characteristic needed attention, the ratio of the oscillatory com-
ponent to the average cenpaonent c¢f bank angle (:osc/¢ave)° This ratio
is determined by analyzing the peaks of a bank argle time respance due
to an mpulse aileron command. Since DR < 0.20, the following empirical
formula could ke wvsed:

C . ‘;'] + 33 - 2‘?2

Tosc
Tave &}“ﬁfbg_xh?Bé" (3)

where ¢1, %5, and i3 corresponded to the first second, and third peaks
(Ref 4: xxii). Hence, the impulsa time responses (Fig 7) were used in

Eq (3) and produced

Case tosc/rave
2 -0.0081
5 -0.0108

Thus, the DFV was not very oscillatory.
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Transfor Functions and Time Responses

Cefore transfer functions and time responses could be generated,
the actuator dynamics must be included in the equations of motion.
iodified Futaba FPS-14 servos were used for the RPV's actuators. Test

of these servos produced two diffcrent representations:

15.7
TFservo = 52 ¥ (777 g(fS ;)S +{15.7)2 )
) (14.45)2
TFservo = o (G)(8)(14.45)s + (14.45)2 (5)

Equation (4) corresponded to a 5.5 in.-1b. Toad and 5.0 volt input.
Equation (5) corresponded to a 11.8 in.-1b. load and 10.0 volt input.
Since the RPV would have a peak input of 22 volts, some type of extra-
polation of Eqs (4) and (5) was needed. It was decided that a 50 percent
reduction in break frequency in E£q {5) would adequately compensate for
the largar input and whatever slippage thet occurred due to the linkage.

Hence, the following representation was utilized for the RPV actuators:

_ ) (7.22)2
TFservo = s2 ¥ (270.8)(7. zg)s + (7. 22)2

52.20
S 52 IT.56 s 5220 (6)

The corresponding differential equaticn is
§ = -57.200 - 11.56% + 52.208 g (7)

The equations of motion were augnented with Eq (7) resulting in the
open-loop state eguations given in Fig 8. From these equations, the
transfer functions for the bLasic RPV werc gencrated (Ref 16). Only Case
2 is presented in this report (Toble VII) since the FCS design will be

based on this case.
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Lonyitudinal Case:

Table VII. Transfer Furctions for the Basic RPY, Case 2

7

+ 11,56 5 + 52.20)

|
|
v = (s2 4 7.33 5 + 37.01){s% + 0.032 5 + 0.15)(57 {
'U _ o . |
= -2.34 (s + 4.76)(s - 163.08)
Secmd ( ( |
Niecmqg = -19-04 (s + 119.£8)(s2 + 0.57 s + 0.28)
9 " .
Nieemqg = -2219.32 (s + 0.089)(s + 2.82) |
!
N%ecmd = .2219.32 s(s + 0.089)(s + 2.82) i
N:€ = 52.20 (s2 + 7.35 s + 37.01)(s% + 0.042 5 + 0.15) |
"€cmd ?
n'e = 52.20 s(s2 + 7.33 5 + 37.01)(s2 + 0.042 s + 0.15)
“Cemd
— ——————— s e e e e = —_—— e
Lateral-Directional Case:
v = (s + 11.12) (s - 0.042)(s2 + 1.42 s + 17.76) (5% + 11.56 5 + 52.20)2
g _ "
Nogemg = -1-64 (s + 0.26)(s - 36.70)
Nan = 1.23 (s - 2.27)(s + 2.51) (s - 26.32)
cmd
Nodomg = 4383 (s2 +1.43 5 +15.19)
P
Niagmg = 4383 s (5% +1.43 s + 15.19) .
2 252,20 (s + 11.18) (s - 0.042)(s2 + 1.4z s + 17.76) (s + 11.76 5 4 2.9
“acmd
nfgcmd = 52.20 s(s +11.18)(s - 0.042)(s2 + 1.42 s + 17.76) (57 + 11.50 4 + 52.70)
ner = Q
“dcmd
NP =0
facmd
Hevemg = 0-51 (5 - 0.078)(s + 11.91)(s + 79.23)
NT ©-40.04 (s + 11.65)(s? + 0.24 s + 0.49)
“Temd
Hopemg = 13-67 (s +4.32)(s - 14.21)
p _ - .
Ni;cmd = 13.67 s(s + 4.32)(s - 14.21)
N remd = O
2 .
“jrcmd 0
Njﬁcmd =52.20 (s + 11.18) (s - 0.042)(s? + 1.2 < ¥ 17.76)(s2 + 1110 « v £2.20)
ner = 52.20 o(s + 11.19)(s - 0.042)(s2 ¢ 1.42 o + 17.76)(s7 + 11,56 « + w2.0n) |
“remnd i

—_
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Tynically, a pilot's comand consists of an input and, a short
time later, removal of that input. MWith this in mind, ¢ 1 sec pulse
was selected as the input for all time responses. The ragnitude of
this pulse was -5 deg for the elevater conmand and 15 deg for the
dileron and rudder commands. A set of time respcnses, for case 2, were
generated (Ref 16) using these inputs and are contained in Appendix C.

Even though only one input was used, scveral general observations
were made.

-- ATl the time responses had the shape that would be expected
Tor this input (Refs 2:47, 129-130 and 12:2306, 668).

-~ The peak values were high. This sterwed fron the slovw aivspeed
and large control surface effectiveness.

~- The phngoid naiucel drequency was ruch higher than most
aireraft.

-- The dutch roll mode was very oscillatory.

~-- The «piral wode nad a dominant c¢ffcct that could not be ignored.

Conclusions

Sozeral concltusions wevre drawn fran the modal analysis and time
responsoc, T ese conclusions deting the desian obhjcctives for Chapter
IVe  In the deegituding! orse, phugaid ratural Trequency needed Lo be
decrcased <ince orcillations of this paanituce ond frequency were
undosirable.  In the Tatoral-divection2l caso, the effect of dutch
roll oscillation veedod to be reduced and the spiral wode nceded to
be stabiiired.

Tiwe etfect of the TYU on the RPV was miniwal. A1l natural
frequencics were stigntly reduced as was the short periad darping

ratio.  he oo characteristics remained essentially unchinged.
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An the xca location moved furthee aft, the following characteristics

were increased:  -sp, p, and npR- Also, Mgy WAS decreased.  All

p

other characteristics remained ossentially unchanged.
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IV. Desion and Cvaluation

A11 design processes consist of the same procedure:  synthesize,

evaluate, and resynthesize. The purpose of this chapteor is to complete
this design procrss for a FCS to correct the deficiencies found in
Chapter 111. The synthesis phase consisted cf & Tongitudinal design
and a Tateral-directional design. The evaluation phase consisted of
three sensitivity studies, a final handling qualities check, the can-
eration of transfer functions and time responscs, and a nonlinear

simulation.

Longitudinal Design

Even though tha lonjitudinal case satisfied all iis handling qual-

ities, the phugoid mede was quite oscillatory. Thus, it was desirable
to recuce this cscillatory responce 2itner by increasing ~p o de-
creasing “np - Becaues of the constraint of only rates for acceptable
feedbacks, the choices of fecdbacks for aucieontation were pitch rate
and pitca vane with cowpnasation.

r

[t - cuireed ondly 2 ovicef glance at th2 reob locus of the pitch
rove feedbook ayctom (Fig 9) 1o realice thot it would not provide
appropriace cugintation. This wus due to the zoro that was very close

to the pangeid wates whico teonctated into 3 vare large gain for a swall

increase in carpiat vatiol  in itself, the Targe gain was not o problem;

rather, it was its ofrect on the other rocts thet oreserted the difii-
culty. A Jargo gairn vouid cavee the short pericd root to becorv loss
stable and its hardiing quality o hecowe unsatisfied. In addition,
the aciuator dynamics would change gioatly widcr wos wudosirable.
Therefore, tne canclizion was bt the addition of corsensation would

be advanta;raus.
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The desire to keep the compensaticn siiple and to elininate the

effect of the zero at the origin dictated the choice of a pure integrator
as the feedback compensator. The rcot locus (Fig 10) rev:aled that the
zero at trke origin was effectively reaoved and that the chort period

root bacame unstable faster than without compensation. The short

pericd harndling qualities restricted Lie cuount of fecdback gain to less
than 5.14. A feedback gain of 0.050 produced the best comproiise between
madnum augsentation and minimun effoct on the other roots. hus, the

control law was

ecad (s) = Ein (s) ¢ 200 g (5) (8)

An exanination of the phugoid characteristics showed that the damping
ratic increased from op = 0.055 to rp = 0.25 while the natural Trequency
remained essentially constant. Hence, the oscillatory phugoid mode was

reduced substantially.

Lateral-Directional Besign
The analysis of Chapter LIl suggested that the dutch roll damping
ratio shouid be increcased and the spiral mode should be stabilized. A
scandird yaw darper, consisting of yaw rate Teedback to the rudder
(passing through a washout circuit), was used to augment the dutch roll

mode. The main di{ficulty in this design was selecting the wachout pole

Jocation. A large time censtant for this pole indicates a larae in-

crease in both damping ratio and uncoordinating effect (Ref 12:677),
A washout pole Tocation of s = -1.75 (T = 0.57 scc) produced the Lest
i

compromise to ihe trade-ofi described above. A feoochack cain of 6.033

was selected hecauze it corresponded to the maxioum dutch roll damping




Figure 9. Rcot Locus for Pitch Rate Fecdback to the Elevator

i

i !
; 0
i g \\\\\\\ IR
~. 6
| ! R
| o \\ \ P
t TR 9, 2o
| ///r -
! '|
[ ot
................................ ~ 0 ’
-18 -12 -6 0 |

Figure 10, Root Lecus for Integral of Pitch Rate reocdback to the Llevator
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ratio (see Fig 11). Thus, the control low was

023
repd (8) = Rip (s) # 2 X [ T (s) (9)

An examination of the dutch roll characteristics revealed tiat the
damping ratic increased from pr < 0.17 to pr = 0.29 while the natural
frequency increased from “ngp = 4.21 rad/sec to wnpg = 9.12 rad/sec.

To simplity the systom, the wasnout circuit was removed from
E03). Witn this control lew, a fecdback gaian of 0.032 produced the
o cun duteh roll demping ratio {see Fig 12). Tho dutch roll char-
ac.eristics revealed that the daaping ratio increased to 7pp = 0.21.
Untortunately, this increase was nat encugh to satisfy the handling
gualities by an adeguate margin. Thus, the washout circuit was rein-
serted into £q (Y).

Tha spiral mede was most dominant in the lateral tine responses.
Thus, either intearal of roll rate or yaw rate feedback to the ailerons
would be the mast effective means of stebilizing the spirai mede. For
the integral of roli rate feshack systen (Fig 13), a feedhack gain of

0.012 brousght the spiral roct just inside the left hand nlane rosulting

in a cantrol law
A 0.012 ..
c2emd L) = Afn (s) 4 "”é“?‘D (s) (10)

Implementation of £q (10) had ne offect on any lateral-directional
characteristic except the spirvel rool which muved to s = -0.0003 rom
s = 0.041.

For the yaw rate feedback system (Fig 14), a feedback gain of
0.044 cstablished o stable spiral uade. The control Taw for this

system was
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Root Locus for the Yaw Damper Including the Hashout Circuit

Figure 11.
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Figure 12. Root Locus for the Yaw Damper Dxcluding the loshout Circuit
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sacmd (s) = Ajn (s) - 0.044 r (s) (1)

Implementation of Eq (11) also had no effect on any lateral-directional
characteristic other than moving the soiral root to s = -0.0001 from
s = 0.041.

Thus, both Eqs (10) and (11) accomplished the desired geal of
stabilizing the spiral mode. Equation (11) was selected as the more
desirable control law because it did not require any compersation or

any additional instrumentation, such as a roll rate gyro.

Sensitivity Studies and Redesign

Three types of sensitivity studies were used to evaluate the
FCS: a flight cordition study, a perameter study, and a physical
yuantity study. Each study based its results on a modal analysis.
The flight condition study varied the airspeed throughout the entire
speed regime. The parameter study varied each parameter in the
equations of motion (except Ug, @, S, and ©) by + 25 percent. Lastly,
the physical quantity study varied the vertical tail area.

The modal analysis from the flight condition study showed that
three handling qualities were not satisfied over the entire airspeed
regime. First, the short period natural frequency handling quality
became unsatisfied at the higher airspeeds (M 2 0.12). Feedhack gain
adjustment had no effect on increasing the range of airspceds that
satisfied this handling quality. Thus, a restriction wds inposed
stipulating that this handling quality would not be satisfied at the
higher airspeeds. This restriction was acceptahle when considering
that the higher airspeods were clearly in the upper Tiwmits of the

RPV's capahilities. Secondly, this study reveaied that the spiral

4




mode was too unstable at low airspceds. Increasing the feadback gain

in Eq (11) to 0.09 stabilized this mode throughout the entire airspeed
regime. Lastly, this study found that the dutch roll damping ratio

did not satisfy it< specification at the hicher airspeeds (M Z 0.15).

A feecback gain of 0.03 maximized this dampira ratio throughcut the air-
speed regime. Unfortunately, as in short period natural frequency, the
entire airspeed regiwe could not be satisfied and the higher airspeeds
restriction was iaposed. Again, this was acceptable when considering
the RPV's capabilities.

Hence, the control laws (Eqs (3), (9), and (131)) were refined to

seend () = Ejp () + 5D g (s) (12)
sagmd () = Ayn (s) - 0.090 r (s) (13)
srend () = Rin (s) + 8950 ¢ (s) (14)

Plots of the pole localions due to a varying airspeed, with the above
control Taws implemented, may be found in Fig 15. These plots show
pola locations for airspeeds from Mach 0.05 tc Mach €.15 at Mach 0.01
intarvals. The arrows indicate increasing airspeed.

The second study entailed tabulating the rindes of the RPY as each
parameter in the equations cf motion (except Up, @, S, and T) was
varied +25 percent. Comparing the extremum (Table VIIIY wilh the
handling qualities (Table IV) showed that all handling qualities were
satisfied. Thus, an errcr in any one parametor of less than 2% percent

will not cause any handling quality to be exceeded. Of course, no

assurance can he made if mor2 than one parameter changes.
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b. Lateral-Directinnal Case
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Table VIII. Extremum of the Parameter Sensitivity Study *
Nominal Largest I Smallest
Value Value Value
“np, rad/sec 0.41 0.46 0.36
('m) ('CZU) )
tp 0.25 0.31 0.20 i
(-Cma) (-Cmge) ;
“Nsp, rad/sec 5.74 6.46 5.14
i (“1y) (-Cn,)
“sp 0.58 0.64 0.52
(-m) (-CL,) __
npr» rad/sec 4.60 5.63 3.92 y
(-1z) (+1z) 1
DR 0.31 0.40 0.26
(-CnB) (*Cnﬁ)
TR, sec 0.087 0.11 0.066 1
(-Cﬁp) (-Ix)
Ty, sec 22.91 48.86 14.86
(-Ci’«‘;a) (Fc\éa) J

* Source of the extremum is given in parcntheses. The sign
indicates whether the parameter was increased or decreased.
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The last study was completed because of the single vertical tail
approximation. Three scale factors (1.50, 1.75, and 2.00) were
examined to determine the effect of the vertical tail arca on the system
modes. As expected, the vertical tail area had no effect on the long-
itudinal case. Little effect was found on the lateral-directional case.
A plot of pole locaiions due to varying vertical tail area is shown in

Fig 16. The arrows indicate increasing vertical tail area. Comparing

] ‘
Dutch | Jd
Aileron Servo ROIL
' . \x. 4
Rudder :l
Servo
Roll ng?gut Spiral
L r— - Aoae g Bl e ar - --o v )
-20 -10 -12 -8 -4 0
a

Figure 16. Pole Movement due to Variations in Vertical Tail Area

Fig 16 and Table IV revealed that all handling qualities were satisfied.
Thus, a substantial variotion in vertical tail area did not cause any

handling quality to becon2 unsatisfiod.

Handling Oualities Check

A finai check of tne handiing qualities was wade with the
control laws (Egs (12) - {14)). A comparison of the auguented RPV,
the basic RPV, and the handling qualities (Table IX) revealed thav all

characteristics satislied their raspective handling qualities.




Table IX. Ceomparison of the Aucicnted RPY,
Basic KPPV, ond the Hondling Qualities

Auqmented Basic Handling

RPV RPV Qualities
tsp 0.58 0.61 0.35 ¢ 7sp s 1.30
“Ngp, rad/sec 5.74 6.08 Fig 5
Zp 0.25 0.055 p z 0.04
wnp, rad/sec 0.4 0.39 *
TR, sec 0.087 0.039 TR < 1.40
TS, sec ** 22.9 -24.04 T > C or Tg ¢ -2%3.85

() (16.66) (>20.00)
ZOR 0.31 0.17 tprR > 0.19
@npr, rad/sec 4.60 .21 “npr > 0.40
Dutch Roll Time 1.44 0.71 ZpR “npr > 0.35
Parameter, sec™!

* No handling quality exists.

** Negative sign indicates instability. Time to double (s=c) is given
in parentheses.




As before, the dutch roil tice parsreter (o ngg)

L

ciecification was
dopendaent on the phi to beta ratio (. ;/-lpr). ihe tive responses of
Appendix C revealed that the graphical method of determining ':/-ipn used
in Chepter IIT could not be utiiized. Therefere, en analytical mothod was
used. The |:/~.pR is the ratio of the magnitude of the . ccwponent to

the magnitude of tha i component of the dutch roll eigeavector. Thus,

i 2 -0.0075 + j0.0017
“IDR 0.00es + j0.0567
= 0.13
Since
2 [ .
“n N = 2.84
DR "v1DR
$ 20.00

the dutch roll time parameter specitication became "pp ownpg -0.35,

wnicn was satisfied by the augmented RPV,

In addition, the roll effectiveness of the aqucmonted RPY necded
to be computed.  With roxdimum deflection of the ailerons (15 deq), the
augmented RPY produc:d 62 deg of bank in 1.5 wec (Fin 17). Hoence, no
change in roll cffcctiveness was experienced due to the F(S.

Lastly, since pp 0.20, tq (3) could not be utiliz d to determine

:Osc/‘ﬁdve- Rdtht?r

should be usad (Ref 4: xxii). Thus, the iopulse tive rosponse (Vig 18)

vas used in Eq {15) and produced
O C

Ave j U'O[’la
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Hence, thoe ausrented RPY was not very oscillatory. i

Transfer Functicns and Time Responses
Before transfer functions and time responses could be determined,
the closed-loop state equation must be derived. Recall the form of

the open-Toop state equation

Ax+3Bu (16)

> -
i

where

Kx+ IN (17)

<
i

Substituting Eq (17) inte Lo (16) and simplifying

x = Ax + B(Kx + IN)

i
—
=
+
o]
-~
\_,
<
+

B IN (18)

Substituting the control laws (fqs (12) - (14) into £u (18) provided W
the closcd-Tonp state equaticon given in Fig 19. Notice that a new state

variable nad to be added to the Tateral-directional state equation due

to the washout circuit in the vaw damper. The new stete was chose

ta be trhe yaw demeer fondback € and defined as

+!O

r {s)

2
5(s5) = S’ J?

S.
.15

Using the closed-Tnop stale cquaticn (Fig 19}, transfer functions

and Lime responscs of tne augnentad RPY were conecatod (Ref 10). Table
X contains the resultunt transfer Vunctions while the Lime iesponses
are in Appendix C.  Comparing thece tine reopenses with the basic RPY

Lime resronses verified that tho dosign ehisctives pad been achieved,
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Table X. Tran.fer ‘uvuf‘on‘ for the fucronted RPY

— e e e e e e - . — e e e i m -

LonultlJ.nal Case'

i
i v S (24 0.21 5+ 07)(s2 % 6.02 5 + 32.58)(s? + 12,16 5 + 57.63)
1 MY = 2230 (s + 2.76)(s - 163.08)
[ | mn
Nesp = -19.04 {s + 174.58)(s2 + 0.57 s + 0.28)
| a .
Mgy = -2219.32 (s + 0.089){s + 2.82)
Mg = -2219.32 s(s + 0.089)(s + 2.82)
‘nEe = 52.20 {s2 + 7.38 s + 37.91)(52 + 0.042 s + 0.15) :
' mn
Z th = 52,20 s(s2 + 7.38 s + 37.01)(s2 + 0.042 s + 0.15)
m

|
|
!

Lateral-Directional Case:

- — e e o -~~l
7 s (s + 11.50)(s + 0.044){s + 2.32)(s2 + 7.89 s + 21.12) |
(52 +11.56 s + 52.20)52 + 9.11 s + 31.49)
g, 7 -64.78(s ¢ 0.21)(s + 2.42)(s - 36.72)(s2 + 10.95 s + 46.42) 3
| |
MR = 64,09(s + 1.75)(s - 2.27)(s + 2.54)(s - 26.44) !
i (s2 +11.55 5 + 52.18)
A .
Np, = 2288.02(s + 2.30)(s2 + 2,96 s + 20.33)(s? + 9.49 5 + 29.63)
{

NK_ = 2288.02 s{s + 2.30)(s2 + 2.95 5 + 20.39)(s? + 9.49 s + 29.63)
mn

M= 52.20(s - 0.041)(s + 2.31)(s + 11.10)(s2 © 9.82 5 + 30.75)
SN (824 260 5 + 23.40) j
| . s j
N = 5220 5(s - 0.041) (s + 2.31) (s + 11.70)(s? + 9.52 5 + 30.75)

i (s¢ + 2,68 5 + 23.44)
b
Npp, = 100.27 (s - 0.0001)(s - 2.27)(s + 2.55)(s - 26.32)




é Table X. {Continuad)
| e L
o !
‘: l Mty = 190,27 s(s - 0.0008)(s - 2.27)(s + 2.2%)(s - 25.32)
h; | uﬁin 192 (s - 0.7008)(s - 2.67)(s + 2.55)(5 - 26.32)
! ; (s« 11.55 s + 52.20)
! ugin £ 26,45 (54 0.019)(s = 1./5)(s ¢ 11.74)(s + 79.24)
‘ i (s¢ + 11.63 s + 51.16)
‘1 Ry, = =2090.00 (s + 1.75){s + 11.65)(52 + 0.24 s + 0.49)
(s? +11.56 s + 52.20)
Néin = 713.53 (s + 1.75)(s = 10.47)(s - 12.95)(s2 + 4,15 s + 22.30)

HP- = 713.53 5{s + 1.75)(s + 10.47)(s - 12.95)(52 + 4,15 5 + 22.30)

NO3 = 9018.84 (s + 1.750(s + 11.65)(s2 + 0.24 s + 0.49)

el P A A AP e o . i B AR e
A~
>

|
S = 9813.88 s{s + 1.75)(s + 11.65)(s? + 0.24 s + 0.49)
|

NS = 52,20 (s R 0.085) (s + 1.T5){s + 11.52)(s? + 1.37 5 + 16.24)
poon (s¢ + 11,19 s + 53.26)

b

| N" = 52,2 5(s F 0.035)(s + 1.75)(s + 11.52)(52 + 1.37 s + 16.24)

i in (s2 + 11.19 5 + 53.26) !
M. = -02.70 (s - 0.0003)(s + 11.55)(s2 + 0.24 5 + 0.49)

L (s + 11.56 s + 52.20) !
Lo — S




Nonlinear “inulation

The last form of eveluation wis a cenplete nonlinear sinulation
vwhich examined the effect of couriing on tie TCS. Initially, an
analog simulation was completed with the results baing of low quality.
Therefore, o digital sinulation was acconnlishked using the numerical
integration subroutine 0DE (Ref 13) (see qu 20). The ecauations of
motion, in their most basic form (Eas (35) and (33)), were used as was
the same control inputs. Recall the nonlincar states {except U) have
the same value as the perturbation states since the equilibrium con-
ditions vere chosen zere. Arpendix € contains the rosults of this
nonlincar simulation. A comparison with the other time responses
indicated that the coupling effect between modcs was quite small.
Thus, tkoe deccupling assumption preduced minimal aerror and was accept-
able.

In the formulation of the simulation algoritiu (Fig 20), ore
critical selection was made, the increwent time. Shannon's sampliing
theoren dictated that ot £ 0.68 sec for complete reproduction of the
response (Ref 9: Soc II1, 21). In practice, a much faster increment
time than ot = Q.68 sec is desirable. Thus, At = .02 sec was chosen
for the iirst 2.0 sec of the simulation and At = 0.10 sec for the

remainder ¢f the simulation.
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V.o A Practical Application

This study would not be complete without addressing an apnlication
of this RPV. It was hoped that by demonstrating its usefulnass, motiva-
tion for continued research in this area would be generatod. The chosen
applicatien was terred model matching, i.e., making the RPY have similar
dynamic characteristics as another aircraft through the design of an
expanded FCS. The aircraft chosen for duplication was the F-15. The
first step of this procedure wes to determine the F-15's dynamnic char-
acteristics. Then, three design procedures were investigated for
accomplishing this duplication: Guillemin-Truxal design, Entire
Eigenstructure Assignment, and an extension of Observer theory. Only
the Tongitudinal case was examined since the lateral-directional case

would be a repetition of the same theory.

Analysis of the F-15

The mathematical model for the F-15 was obtained from Ref 19 and is
contained in Table XI. As with the RPV, the equatinns of motion were
augnented with the actuator dynanics. The folicwing ropresentation

was utilized for the F-15 servo (Ref 19):
- 2
WFservo ™ oy
The corresvonding differential equation was

r:;e = =20 fe + 20 Seemd (]9)

The equations of motion woere augnznted with Cq {19) resulting in the

longitudinal state equation given in Fig 21. Trar~for functions
9 i g




Table X1. F-15 Matrenatical Model

m = 1085 slugs ;
Up = 665 ft/sec :
o = 338 1b/ft? j
S = 608 ft2 |
¢ =16 ft |
I, = 155746 slug-ft2 :
Cxy = -.04 ;
Cxy = O ;
Cx, = 0.24 !
Cxq = 0 |
Cxze = 0 i
| Czy = -0.30 }
; CL& = 1.01 :
C, = 3.78
CLq = 3.12 |
Cz50 = 0 |
Chay = 0 '
Cm: = =1.20
! Cg = =3.70

| Cise = -0.69

e

A1 stability and control derivativos have thn units of
per rad.
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(Table XII) and time respeonses (Figs 25 - 29) wore generated from this

state equation (Ref 16). Also, the Jongitudinal chavacturistics were

determined as

tgp = 0.46

wngp = 2.90 rad/sec
tp = 0.10

wnp = 0.063 rad/sec

Guillemin-Truxal Design

The Guillemin-Truxal design procedure is basically a pole/zero
placement technique. From a desired closed-loop transfer function,
the appropriate cascade or fecdback compensator is mathematically
calculated (Ref 6:408). This procedure guarantecs duplication of the
desired closed-loop tiransfer function for single input-single output
systems. However, in this application, the RPY was a single input
(secpd)-multiple output ('u, «, 3, g, “e) system; therefore, the
validity of this technique was questionable. However, it was decided
that the duplication of one state might prove valuable. Of course,
the duplication of one stote would alter the other three states which
might provide a closer match to all of the F-15 states.

For a cascade compensator Gels), the clozed-loop unity feedback

transfer function is

Nis) _ Gels) G(s)
0(s) T+ e (5)6(s)
Solving for Gcls)
L N(s)
Gelo) = rogs) = M) T6(s)
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Applying this eguation to the RPV and F-15 states (Ref 1€) ronulted in
four cascade compensators (Table XIIT), all oi which were very compli-
cated. From a hardware point of view, these coumpensators would be
extremely difficult to implement, if not impossible. Thus, cascade
compensators were rejected.

This sarme procedure was repeated for feedback cowpensators. The
closed-loep transfer function is

Nis) . G
Ovs) 1+ G

Seter

Solving fur Ggls)
. 550 -
te(s) = P)E(s) < N(s)

His)G(s)
This equation resulted in four fecdbarck compensators (Table X1Vv) which
were simpler than the cascade cumpensators, but still impractical to
implement. Since both compensators were not feacible, the Guillemin-
Truxal design procedure was dismissed as inapprapriate for this appli-

cation.

Entire Licenstructure Assignment
Entire Cigenstructure Assigneent is a des: b i whoereby
the engineer nay assign both the eciqenvalucs and eigonvectors to a
system.  This technigue is based on full state feedhack ard o the
dasired eigenvalues and eigenvectors to calculate the <tate o0 ok
matrix (Pef 10). With cnly cne input as in this application, t+
selection of the closcd-Toop cigenvalues complietely dotornines tie

eigonvectors.  Because of this, the eflectiverass of this tocimigus

was also qunstionable,
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Procontly, the RPY and the F-15 are different order systems due to

teo actuatur resresentations of eacn. Thus, the use of this technique

Wwill be difficait. To sinplify the process, it was decided to employ

a reduced-order Lorvs nodel for the RPY.  The criteria used for the

selection of the roduced ordsr model was time response to a pulse input.

The output of the three wwdels listed below was plotted against the

RPV's secend-ordor model (Fig 22) (Eq (6)).
Hodel Reduced-Order 2cpresentation
1 - _7_:.5_3__,___
s + 7.53
6
2 S+6
5
3 N
e . J e .
T
4 /</{;/ Second-Order Model
s /
- R Model 2
g //(,/';/ / ! !
T i/ / /
. ;1 // |
A Model 3 i
S Modal 1 7 N
i/ NS
] / ~ - BN ;\
; .
0 T - R e .
0 0.4 0.8 1.2 1.6 2.0
Time (sec)

Figure 22. RQedused Order Serve Avprocination for the RPY

“odel 1 has the <sare 7 nercent seftinn tisme as the second-order mednl,

Tiio other codels, poth ot vhich bhad slower responses, were examinad

£




bocause thay would be more VTikely to produce o bettor anproxication to the
second-order model. It was docided that model 2 provicad the nost ac-
curate approximation to the second-ordce podel, so 1t was usad throughout
the rest of this application.

The F-15 cigenvalues were assigned a¢s the clesed-loop cigenvalues
of the RPY (Ref 3). As oxnected, the associated eigonvectcrs did not
correspond to the F-15 eigenvoctors (see Table X¥). Thus the Untire

Ligenstructure Assignment design technique was also disimiscsed as inap-

nraopriate for this application.

Lxtension of Observer Theory
With poth the Guillemin-Truxal and the Entire Eigenstiucture Assign-

ment Lechniques yielding unaccepteble rasults, <cuething rere basic to

control system design was needed.  Chsorver theory gave the necessary

-
.
v

insight. The generalized block diagram (Fig 23) for this tachnigue is
in terrs of an actual model, a desired rodel, and coveral Teadback
matrices (L, K, and K'). In an observer, K and ¥' would be identity
matrices and the error feedback would go to the aesired mode) instead
of the actual model, i.e., the desired model would Lo made to track
the actual sodel.  In mwodel matching the goal is for the actral sodel
L6 track the desired model; hence, the error feeadvack gees o the arlual
model. € and K' wove added to the system to increase flexibility., In
this application, tha RPY would be the actual model and tie Yol wnuld
be the dusired model.

The closed-Toop system was expreossed in teres of several seo of

stato variables., Tt w5 found thit the bhest choice of states were the

Five desived aodel (T-15) state variablos (x') and the five orroe late
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Cioscd-Lovp RPY wigonvecinrs produscd by tntire Dicenstiuciure Assianient

e

A

VAT

V.o Cormarison ¢f tha F-185 Civrnvectors and the

i
!Short Period Mode:

|
|

:
%

ROY F-15
- _ 4
[0.030 . 233.04 0.0056 , 176.65
' 0.32 , 303.03 0.35 . 267.87
0.3 [ 242.73 0.34 . 242.73
1.00 o 0 1.00 ¢ 0
10.20 2 150.30] i 0 J
| o _ o
-Prugoid Mode: !
RPY F-15
o A — -
46.36 ;. 46.11 12.08 . 0.96
10.57 & 226.24 0.15 . 183.17
: 16.43 1+ 264.10 15.81 £ 264.11
1.00 0 1.00 / 0
| 7.14 . 46.82] i 0
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Actual Mndel

ol

‘Des{réd>ﬁdaef

Figure 23. Generalized Block Diagram for Model Matching

variables (&), vhere

Thus, the closed-Tcop state equation is

[
[
[
(
1
|

A L}

(A - BLKC) - (A" - BLK'C') |

The servo representations have been included in A and A'.

|

S

“iso,

for single input systems, B and B' will always be zero vectors oxcopt

for the Tast elament. Hence, K' added no additional flexibility to the

system and was assumed to be the identity matrix.
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C and C' were also identity wmatrices. Finally, defining R = LK pro-
vicded insight in*to choosing the fecdback matrices. Thus, Egq (21)

became

1
1
— e
I
H
o
ol
—
=S
]

o
=
=z
1)

—_
x>
H
o)

—
N

This form of the state equation yields insight into the proper
choice of weighting matriccs (R, L, and G¢). The solution of Eq (26)
is in terms of the ecigenfunctions (v e*Y). Thus, R should be chosen
such that the domin % terms of the eigenfunctions of (A - BR) die out
rapidly. &Even though all eiconvaluzs of (A - BR) need to be negative,
this does nat indicate tnat all eigenvalues need to Le far in the left
hard Llane. Cnly the ones essociated with the deminant eigenfunctions
need have large negative values. [(A - BR) - (A" - 2L)] is a coupling
matrix. Ideally, the best choice for this malrix would be a zero
matrix. lUnfortunately, L does not have enough vaviables to accemplish
this. Theretore, L osheuld be chosen fo winimize the counling effect.
Finally, it would bo desirable if 2o input did not directly affect
tne errcr.  Thus, Ge should be crosen to produce a zero vector for
(BG. - B').

The techniques for choosing R and Ge are relotively simple.

However, minimization of the coupling cffect represents a greatoer

challenge.  To simplify the notation of this derivation, define
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Thus, E£q (22) becomes

e T ettt B (23) :

Examining the zero input response to £q (23) vroduced valuable insight

into the importance of 2. The zero input rasponse is

e(t) .(0)
10 1t
= X e Virj (24)
%' (t) i=1 x'(0)
L
where
;V(‘c: 6‘1
|
Aj = iih eicenvalue of R R
0 A
— ;1]' S—
vi = ith cigenvector of —em
o 1 A
L— | B
a : £
rj = ith reciprocal basis vector of -l
0 1A

| J

[rl ,L‘}—]
Because of the upper block Form of(==~+——1 | the systen eicenvalues are

0 :A'J

T
simply the eigenvaiues of » and A'. Also, Vi riT is a 10 x 10 matrix
whose upper right 5 x & block (defined as ~) reeds to be minirized for
all i.

For the eigenvalues corresponding to «, the eigenvectors and

reciproce]l basis veciors are
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[ 53 Wil
wic |--- 1 R R (25)
0 wiTS[xi I - A1
Pl — o
where
£ = ith eigenvector of o
Wi = ith reciprocal basis vector of o

For the eigenvalues corresponding to A', the eigenvectors and

reciprocal basis vectors are

Dige T -] Veey! 0
Vi T e e - rio= oo (26)
&' wi'
uhere
ci' = ith eigenvector of A’
wi' = ith reciprocal basis vector of A

Now that the eicenvectors and reciprocal basis vectors have been

determined, 7 nceds to be examined. Recall that L yields control over

only tihe fifth vrow of . Therefore, the equations were simplified to

isolate these terms. For the eigenvalues corresponding to u

_

Virg' = L-O" DuiT gl o Dl - A1)

or

ail o [ 1 - A]! (/)

Defining + = . [ - A']'] and expanding £q (27) for the r-c component

of v

0




R T I
‘rc = k=1 “ir Wik =i “hJ «bJCJ

4 I'S 5 1
o fir Wik ng] Ekj wjcl T Eirwis jé] °5] ﬁjéj

or, in matrix form

51
vrc = Leirwistlc + - - £irwibisc]
°55
4
4 5
¥ ké‘]iirwikué] Prjtic (28)
For the eigenvalues corresponding to A’
[xip' 1T - o] " seq!
Viri Tl L oo - [QT bowgtT)
S8
or
v o= DAt - Wl fyeg T (29)

Defining ¢ = [»ipr T - a]'T and expanding Eq (29) for the r-c component
of ¥

5 3
Tre = by Uty ergigd 2ik’ wic!

4
=l GET orgeikd ikt wict by orsisk fikwic!

2]

o

or, in matrix form
"5

(
. R IR L I
ire © [irsiij Wic =+ nrh7id vicl

(el

5 4
tyiy by oraiakd ke (30)

/1




‘*"-.'.-..-.-l..lll-------ﬂIIlIl!!llI-IIIIIIIIll---I-E—q1‘

Augrenting Eq (28) with Eq (30)

Sirdiselc ¢ - - SirWisiSe | [751
YI"C = e e e e X
| LrstiltHic vr5TisWic'] | £55
- !
K ik hegie - |
15 4 . , |
k=1 k1 Wrifik Sikiic
=Cps +D (32)
where .
1l <czxc5h ‘
i
1<1<h
l<srs<h

fhus,Eq (32) is a matrix equation consisting of 250 equations in terms
of 5 variables.

Minimization of Eq (32) accumplishes the yoal of riinimizing the
coupling erfect. A cost function of one half tihe squared error was

chesen for this minimization. Thus

es) = 5 (C g+ DT (C ig

h2A 5 i)

+ D)
Setting the first decivative of J(/5) cqual to zero and sclving for 5
produced

t5 0 -LcTeT T cTo (33)

Thus, choosing the fifth row of . (hence, L) in accordance with Lq (33)

will minimize the coupling effact.
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For the model matcning application, 22 sets of eigenfunctions were

examined in chocsing R (Ref 3) with the best one being

R =1[162.1 25.54 -49.12 -3.17 7.26]

This R assigned the eigenvalues of « to >y = -2, X2 = -4, x3 = -15,
% = -17, and x5 = -19 with the eigenfunction correspending to 23 = -15

being dominant over the other ones by one order of magnitude. Equation

(33) was empioyed resulting in
§5T = [7.89 -13.24 13.98 -4.62 -15.38]
which in turn produced

L =[163.41 23.33 -46.79 -3.94 2.36]

0 0 0 0.80 O

0 0 0 0 3.07

In tnis appiication, Gc was a scalar and determined to be 3.33. The
above matrices were substituted into Eq (22) to produce the system

state cquation given in Fig 24. Time responscs were produced with

both the RPV and the F-15 respeases on the same plot (Figs 25 - 73).

These curves skowed reasonable agreement, but not to the decired

accuracy. Hewovor, with retirecrent, this methed would produce o act

duplication.

73




burysyey |SpoW 404 uorienby a1els dec1-pasoly 4z 34nbid

P -
M 00'0d [,221[o0o0z- 0 0 0 0 0 0 0 0 o "o
| 0 LN RVARCTER S ¥L°%- $£0°0 O 0 0 0 0 W M Bt
| 0 o llo 0L 0 0 0 0 0 0 2 ol
m 0 o 86°0 0 €271 960°0- 0 0 0 0 0 m o
w o | jnllo 0 850°0- 80°0 €10°0- O 0o ¢ 0 0 L
_ pud;. + . nwu‘ .
m 0 °%a e Gl-  29°%- 8§6°SL bv2El- 68°L 8G 6y~ 205l 2L°v6C vZTESL- 09°7L6- m( .M
| 0 ®5lz8'92- s8'2- 0 Ov'8l- €8°0 03°€y- O£'p- O 51762~ 8870 m T
w 0 il 0 0 0 0 0 o'l 0 0 0 ‘ M”
w 0 Pa19g"0-  8e0'0- O £€8°1- 950~ 9€°G- S50 O 90°¢- 99" Q- | ““_“
: _ o) M=llo 0 ¥2°0- $2°0  9%0°0- O 0 62°0-  €c°0 6s0'0- Tl
| *

~v———

e L e e A . - & = - %



L TS e
s \‘\\
B \\
;] \\
D ~
Yo
E
] :
0 20 490 50 80 100
Time {sac)
Figure 25. Comparison of the F-15 and the Model Matching ,
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Figure 26, Coomparison of the F-15 ard the Madel Matching
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Fiqure 27. Comgarison of the F-15 and the Mod»1 Mitching
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VI. Concluding Renarks

Conclusions

An analysis of the basic RPV provided the follcwing conclusions:

1. Handling qualities were unsatisfied in the phugcid, dutch
roil, and spiral modes.

2. The thrust vectering unit had minimal effect cn the longi-
tudinal characteristics and ro effect on the lateral-directional
characteristics.

3. The short period damping ratio and natural froguency, phugoid
damping ratio, and dutch roll natural frequancy varicd dirvectly with
the xcg location. All other characteristics romained essentially

constant.

The following conclusions are based on the fiight control system
design:

1. Integral of pitch rate feadback to the elevator reduced
phugoid oscillation.

2. Yaw rate fcedback to the ruddar increased the duteh roll
damping ratio.

3. Yaw rate focdback to the ailerons stabilized tne spiral mode.

The model matching application iwplied the follewing conclusions:

1. The Guillemin-Truxal design focanique produced camponcators
that would duplicate only sne state at a tire. Also, these cowpensators
were dmpractical to fmplement.

2. The Entire Eigopsteyctare Assignment tochnisie was not vell

suited to sinola-input systems.




-

3. ho Extension to Obovo e 0y Cnigen accs.apliseced the

desired dunlication; however, not oo 1von dogres of accuracy.

Recoriandations

Based on chservations made trrougnout this study, the follcwing
reconmendations are posed:

1. Digital Datcom is a very yencralized algorithi <o that many
different aircraft configurations can utilize it for the ¢eneration
of stability derivatives. However, for advanced rescarch on this RPY,
a more comprehersive algorithn (such as FLEXSTA3) micht prove bene-
ficial for the model construction.

2. The cost function minimized in the Extension of Observer
Theory was one half the squared ervor. Alternate cost functions
mig bt provide better erfectiveness in minimizing the coupling in the
arror equation.

3. The Extension of Observer Theory assum=d full state feedback.
Par=ial state fecdback is a more recalistic assumption wnich could be

inposad on this design technique.
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Appendix A

Hand Calculations

Several stability derivatives and all the control derivatives were
not computed by Digital Datcom. In addition, the moments of inertia
needed to be generated. Hence, the purpose of this appendix is to
derive the abovementioned terms. A1l notation utilized in this

appendix is defined in the references cited.

Stability Derivatives

Seven stability derivatives remained undetermined: Cxy, Cx , Cx,,
a
Cxq, Czys Cmys and ch' The following relationships were utilized in

their generation (Ref 2:19,112):

1. Cx, = -2Cp - Up 22D

The Ug E%%—term is the comprescibility effects and can be ignored.

Thus, for the TVU attached cases

Cxu = -2Cp

= -2(0.05)
= -0.10

and, for the TVU unattached cases

Cxu = —2(0.04)

= -0.08

- aCp
3. Cx, = CL- =3




Averaging the data produced

é%g.= 0.37 (TVU attached)
%gﬂ = 0.35 (TVU unattached)

Thus, for the TVU attached cases

Cx 0.59 - 0.37

a

0.22

and, for the TVU unattached cases

Cxy = 0-59 - 0.35
= 0.24

4. CXq = 0

5. Cz, = -20| - Ug %b

The Ug EEL-term also represents compressibility effects and was ignored.
Ju

Thus

Czy = -2C
= -2 (0.59)
= -1.18
6 ch‘o

Control Derivatives

Control derivatives are nondimensional derivatives of force and

moment coefficients with respect to the control surfaces. In all, nine




control derivatives were needed for the equations of motion: Cxée’

whnnemtithatiome;

czée‘ C”ae’ Cysa, Cﬁsa’ C"da’ CYdr’ C“dr’ and Cnﬁr. The following

empirical relationships were used to compute these derivatives

(Ref 15: Chapters 10, 11, and 12):

1. Cxge = 0

- SH
2- czde— -CL‘Sf-_S-

= -(3.20)(6.38)

30.98
= -0.66
2
3. Cmge = ~Clie ~%
= -(0.66)(11.72 - xcg)
2.271
Hence
xcg, % mac Emse
10 -2.04
25 -1.94
u 40 -1.84
4. Cyéa =0
5. Cﬁda = lagl CQO'

(0.35)(0.38)
0.13

6. Cng, = KCL Cpy,

]

(-0.20)(0.59)(0.13)

-0.015
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-~
(e}
<
Oy
-
1
(@]
—
Cn
<
o
R
l=g
Nt
o
i
—_—
=
[ec]
S
(e}
=
P
o
|

(5.42)(1.14)(-0.65)(1.00)(1.00)(6.97)
3

0.9
= 0.90
- Zy cos « - fv sin x
8- Cogp = Cysp b
- 1.01 sin 0 - (11.07 - xcg) sin O
0.90 13,71
= 0.067
- Ly cos a + Zv sin a
9. Cngp = = Cygp b
= 3599 [(11.07 - xcg) cos 0 + 1.01 sin 0]
Hence
xcg, % mac Cngp
10 -0.42
25 ~0.40
40 -0.38

Moments of Inartia

The method utilized in this computation consisted of separating
the RPV into major components and calculating their moments of inertia.
Two transformations and » summation determined the overall moments of
inertia (Ref 8: Chapter 8). For accuracy purposes, this derivation
was completed in the units 1b-1n.2. Only the final results was
converted to s]ug-ftz.

Initially, a weight and balance study of the RPV's major components
had to be compieted, the results of which are in Table XVI. Thus,

the Datconm method yields
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Table XVI. Weight and Center of Gravity
Locations of the Major RPV Components

W, 1b. X, in. y, in. z, in.
Body under wing 43.65 60.74 0 -6.65
Boom, left 8.70 90.00 30.00 7.00
Boom, right 8.70 90.00 -30.00 7.00
Engine 14.35 82.00 0 5.00
Fuel 30.00 39.00 0 2.00
Horizontal Tail 4.00 114.45 0 25.25
Instruments 10.00 25.50 0 3.00
Lead: Case 1 55.83 18.00 0 3.14
Case 2 45,99 18.00 0 3.04
Case 3 25.20 18.00 0 2.58
Case 4 32.28 18.00 0 3.67
Case 5 24.18 18.00 0 3.69
Case 6 7.07 18.00 0] 3.91
Nose 5.00 16.00 0 0
TVU 20.00 106.30 0 5.00
Vertical Tail, left 5.80 138.00 30.00 17.85
Vertical Tail, right 5.80 138.00 -30.00 17.85

Wing 34.00 64.25 0 9.06
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1. Wing

I =45 [-Cad+Cpd+Cc? Cp + Cc G2 + €3

125 [(5.03)3 + (29.03)3 + (30.25)2(29.03)
+ (30.25)(29.03)2 + (30.25)3]

10871.69 1b-in.2

Thus
N (WxX)?
Toy = Ko {1 -
B (545.41)2
0.70 [10871.69 - Ao
= 1492.17 1b-in.2
I = Wwbw? K1 [Cr + 3Ct
Ox 24 Cr + Ct
_ (34.00)(164.5)2 (0.86) | 30.25 + 3(24)
24 24 + 30.25
= 62138.60 1b-in.2
on = on + IOX
= 1492.17 + 62138.60
= 63630.77 1b-in.2
2. Horizontal Tail
I =15 [-Ca% + 03 + Cc? Cp + Cc Cp2 + C3)
- 926 [4(15.5)3]
= 320.25 1b-in.2
Thus

—
o
<
)

2
Ko [I - Lﬂﬂ%)_}

5
0.77 [}20.25 ] ié%lJ

61.68 1b-in.2
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I - Wibi? Ka [
Ox 24

. (4)(60)2(0.
24

Ioz = Iox + Ioy

u

3. Vertical Tail

Wy by}2 K
lox = 22—

1165.68 1b-

Cr + 3C¢
Cr + Ct
92) [15.5 + 3(15.5
[[15.5 + 15.5

1104.4 1b-in.2

1104.00 + 61.68

in.?2

2 Cry Cty
[’ * (Cry ¥ Cty)?

. (5.8)(26)2(1.22) [, , 2(25.85)(15.6)

18

(25.85 + 15.6)%]

= 390.49 1b-in.2

I =<8 (-Ca3 +

0.280
12

= 2541.91 1b-

Thus

Cp3 + Cc? Cp + Cc Cp2 + C¢3)

[-(19.606)3 + (25.850)3 + (35.206)2 (25.850)

in.2

_ Wy X)¢
Ip, = Ko [I - ﬁh%;_l_]
2
= 0.771 [%541.97 - lllg;gﬁl_J

= 245.55 1b-in.2

on = IOX + IOZ

= 390.49 + 245.55

= 636.04 1b-in.2

4. Body

Initially, the body was separated into four different components which

needed to be consolidated.

This was done with the following results:
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Cases Cases
1-3 4-6
Weight, 1b 86.05 66.05
xeg, in. 74.65 65.06
ycg, in. 0 0
zcg, in. -0.79 -2.54

Thus, for cases 1-3

_WfSsKp {3d B
loy = 73765~ [223 t g

_ (86.05)(7126.11)(0.88) [3(27.4) , 135
37.68 20135 " 7274
= 74919.94 1b-in.2

[ - HEK3 [ ss 7P
Ox 4 7 4B

_ (86.05)(1.04) [ 7]26.11] 2
4 n ([35)

= 6316.29 1b-in.?

Ig; = on

= 74919.94 1b-in.2

oy = (66-05){4160.

1g, = (66:05)(0.78) | 4160.45 2
X 4 W (817

; For cases 4-6
| = 3442.85 1b-in.2

lo, = Ioy

= 17964.73 1b-in.2




5. Engine

il

3
loy = 0.061 [3 Wpde? + Mete? + (Hp - We)ip?]

0.061 [%—(14.35)(26)2 + (14.35)(8)2]

499.82 1b-in.2

Igy = 0.083 Wpde?

0.083 (14.35)(26)2

805.15 1b-in.2

IOZ = IOy

499.82 1b-in.2

6. Fuel
Assuming a 24 x 12 x 4 in. tank

Toy = 15 (22 + 22)

1

= %%~(122 + 42)

= 400 1b-in.?2

IOX = ¥§ (lyz + 222)

- 39 (282 +122)

= 1800 1b-in.?
7. Instruments
Assuming a 3 x 4 x 6 in. pack
Toy = 5 (2 + 12?)

loy = 19 [(3)2 + (6)2]

= 37.50 1b-in.2




Assuming

side was

' """"""""""""'lllllllllllllIlllll!---u-|.|..;................._____________u__'!

10x = 55 [5y2 + 52]
= D)2 + (6)2]
= 43.33 1b-in.2
Toz = [0 + 12
- 13 (32 + (92

= 20.83 1b-in.2

8. Lead 5
a cubic shape, the volume of lead needed and the length of a ;
1
Case W, Tb. Vol, in.3 %, in.

1 55.83 136.17 5.14 1

2 45.99 112.17 4.82

3 25.20 61.46 3.95

4 32.28 78.73 4.28

5 24.18 58.98 3.89

6 7.07 17.24 2.58

Since d cubic shape was assumed, all the moments of inertia will be

the same.

Hence

10 = gL ¢2 {

Case 10, 1b-in.2

1 245.83
2 173.08
3 65.53
4 98.55
5 60.58
6 7.84

N




r—

Bofore the summation of individual meoments of inertia could be

done, cach moment of inertia needed to be *ransformed into the RPV's

axis system. The first transformation was to a set of parallel axes

located at the RPV's nose. Hence

Ix = S[W(y2 + 22) + Ipx]
I, = S[W(x2 + 22) + Ioy]
I; = o[W(x2 + y2) + 104]
Ixz = S[Wxz + 10xz] :

The second transformation was to the aircraft's center of gravity via

Ix - W (32 + 72)

Ioyleg = Iy - W (3% + Z2)

10zcq = Iz - W (X% + ¥?)
Ioxzleq = Ixz - N xz

Substituting the appropriate values from Tables XVI and XVII into the f
above two transformations provided the RPV's moments of inertia 1

utilized in this study (Table XVIII).

B
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Table XVII. Moments of Inertia of the
RPV's Major Components

I0x, 16 in.2 |Igy, 1b in.2 |Igz, b in.2 | Igxz, 1b in.2
Engine 805.15 499.82 499,82 0
Fuel 400.00 1480.00 1800.00 ]
Horizontal Tail 1104.00 61.68 1165.68 0
Instruments 43.33 37.50 20.83 0
Vertical Tail, left 390.49 636.04 245.55 0
Vertical Tail, right 390.49 636.04 245.55 0
Wing 62138.60 1492.17 63630.77 0
Body: Case 1-3 5316.29 74919.40 74919.40 G
Case 4-6 3442.85 17964.73 17964.73
Lead: Case 1 245.83 245.83 245.83 0
Case 2 178.08 178.08 178.08 0
Case 3 65.53 65.53 65.53 0
Case 4 98.55 98.55 98.55 | 0
Case 5 60.98 60.98 60.98 ! 0
Case 6 7.84 7.84 7.84 E 0
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Appendix 8

Aircraft Equations of Motion

The aircraft equations of motion are a set of nonlinear, coupled

force and moment equations defined in inertial space. The purpose

of this appendix is to derive these equaticns in their complete form

and to simplify them into a more useful form.

Definitions
Initially, two fundamental definitions needed to be made, inertial
velocity and inertial angular velocity. These two quantities were

defined in body fixed coordinates as

v

UXp +V Yy + WZp (34)
bi
w

PXp +QVYp +R Zp

Force Equations

The inertial acceleration was found by differentiating Eq (34).

_Yd (v
A=g =

b .
= a%'(Y) + Pt x v
= (U+ QW -RV) Xp+ (V+RU-PW Yp+ (W+PV - QU Zp

Applying Newton's second law in component form yielded the three force

equations.
TFx = m (U + QU - RV)
Fy =m (V+RU - PW) (35)
iF, =m (W + PV - QU)
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Moment. Equations

The vector moment equation was given by (Ref 11:286, 418).

ig

M= g5 (W)
b .
= 33 (1) + b xH (36)
where F
Iy 0 -Ile

L—IXZO IZJ R

Expanding Eq (37), substituting into Eq (36), and simplifying

M = [PIx + (-R-PQ)Ixz + QR(Iz - Iy)Ikp
+ [PR(Ix - Iz) + (P2- R2)1xz +Q Iy]Yb
+ [PQ(Iy - Ix) + (QR-P)Ixz + R Iz1Zp

Recall

ML Xy + MYy + N Zp

Thus, the three moment equations were

sL= PIx + (R - PQ)Ixz + QR(Iz - Iy)
M = PR(Ix - Iz) + (P2 - Bz)lxz +Q Iy (38)
= PQ(Iy - Ix) + (QR - P)Ixz + R Iz

Assumptions

Equations (35) and (38) are the aircraft equations of motion in
their complete form. Several assumptions were made in their derivation
and are listed below:

The mass of the aircraft remains constant.

The aircraft is a rigid body.

The earth is an inertial reference frame.

The ib and 2b axes form a plane of symmetry.
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Lecoupling the Equations of Motion

Due to the coupling terms, the complete form of the aircraft
equations of motion was very difficult to use. By assuming perturba-
tions about straight and level flight, these equations decoupled into
a longitudinal and lateral-directional set of equations.

The longitudinal equations had only one control input, a deflection
of which would not cause any P, R, or V. Hence, Egs (35) and (38)

simplified to

tFy = m (@ + QW)
IFz = m (W - QU) (39)
M =QI_y

Similarly, the lateral-directional equations had two control
inputs, deflections of either would not cause any Q. Hence, Eqs (35)

and (38) simplified to

Fy = m (V + RU - PW)
L = Plx - RIxz (40)
N = pIXZ + RIZ

Longitudinal Equations

Simplification of Eq (39) was obtained by assuming stability axes
and small perturbations about straight and level flight. These as-
sumptions constituted a linearization about an arbitrary equilibrium

point. Thus

Ugp + u
u

[{ ]

" u

E-TO0o0Cc-C

q
q
W
W




Substituting into Eq (39) and ignoring second order terms produced

the linearized perturbation equations

Ifx = mﬁ
£Fz = m(w -q Ug) (41)
M = d Iy

The longitudinal forces and moments were of three types: aerodynamic,
gravitational, and thrust forces. Assuming a constant altitude, the
aerodynamic forces consisted of 1ift and drag which were a function of
U, a, &, q, and se. The gravitational forces were a function of 8.
Hence, assuming that the thrust line was along Xy and through the
center of gravity, the longitudiral forces and moments could be ex-

pressed in functional form as

ZFX = FX (U: ay Gy B8, g, de, GT)
EFZ = FZ (Us Gy Oy 6, q, Ge) (42)
M =M (U, a, & q, Se)

Expanding the x~-force equation of Eq (42) in a first order Taylor series

expansion

" c, .
ZFX = BEL-U + QEX a + ELX.G

ou Ja 3
oF oF AF oF
+ 97X ¢ ¢ 97X + X th + wFK &
o & 79 ~ia 1s) 5eT °T (43)

But gﬁx-ﬁT = ) because thrust (i.e. throttle setting) was constant.

°°T
Alsn
Fx gravity = -mg sin @
Thus
LD -mg €os 9
36

= -mg




Substituting the above and Eq (43) into Eq (41)

ma = 2Ex oy 3Fx oy ~%§-& -mg8

ou Ja
+ Ax g4 3 o (44)
3q ase

Substituting 'u = Ug-and the Tongitudinal stability derivatives

o

(Table XIX) into Eq (44)

’—g‘%ﬂ'a-cxu U - g5 Cxg & = Cxg o

. C mg o .
20gtxq 9% 55 ° = Cxge se (45)
This same procedure was used for the z-force and pitching moment
equation. Note the substituteion of W = Uga was made in the z-force

equation. Hence the remainder of Eq (41) became

mUo c .
—Czu ‘u + [§a~+?U6CLd] a+CLau

C ¢ _mp |, .
+ [2u0 Cq - 55 ] q = Czgq Se (46)
My 2Up m, a my & SEiEq
c -
= 2U0- Cmq q = Cmde Se (47)

Equations (45) - (47) needed to be rearranged into a more useful

form, i.e., a state equation. Define

=-mo ,
€1 = g+ o5 O,
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Table XIX. Definitions of the Longitudinal Stability Derivatives

CXU:%%% CLq:_—g%%’;
Cxa=§]q—-a—§é Czse —S';:%%é
Cxq=%%_%a—§é Cma=—5%_z_—g%
Cx6e=§%—_ a6 = S8 o
CZU'_'%% ing‘. Cmq=§—lc_‘;%z-g%
CLy = :%: 2%5 Cmge = §%§f %%E
C|_U='§g——;’~,é_—§-5
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Solving Eq (46) for o

_Czyu .. CL 1 mlg T Cz50 se (48)
___Elliu_aa+___ - CLq +]5e

4
w»
{
o
>
-+
w
g
o
<
o
&
R
—_—
Q

ST Cx myg _ CcCL Suc
,212 & A3 Q + 2yc _ C
mlge TV Sq 200 Zm0g? xq] !

Sac CXC'CZ(Se + §.§:

C
2002 C1 g C"Se] se (49)

[

[
+['U%]e

[

[

Substituting Eq (48) into Eq (47) and solving for q

b Sq; '2 sziczu 1
q = Cmy + SOC u
[ Iy ™ gy, @

olel Cm-CL
sqc sge?  mbL,
YLy St gty T

2 _
sl o [!”_U_Q -Eo¢ } s Cmq] q

2Uply Ci Sq eUp ZUoI
+| SqT Cngg + Sac?  mlZsef se (50)
Choosing
X1 = 'u
X2 = a
X3=9

1
0

X4




Egs (48) - (50) formed the desired state equation as

x=AXx+B decy (51)
where
- Mg, €
=gt ap Uy
- Sq_ Sge Cxglzu
A =g Oxutaigz o
S Sqc CxaCL
=29 - >q¢ “Xgvlg
A2 mlg Cxq Zmlg? C1
A3 = ga
_Sqe | Cxy fmUo . T o ]
A]4 2mUo [—C'E.lx- Sa 2U0 CLq + CXq
Cz
hor = o1
-C
A2z =
A23 =0
-1 |mug _ c i
Aaa =1 [ Sg "2 CLqJ |
5
A31 =0 é
Azp = 0
A3 =0
A3qg =1

Sgc2  CM,Czy
Aar = 24¢ 2qcs XMy-Zu
L VTR 17
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_ S Sq-gZ Cm-CL
Ad2 = 0 Cn, - 20Ty 61
A3 =

i

0
Sqce Cmg, | w0 = CL
Aaa 2U01y[ <H| Sa " W | *Oma

By = Eﬂu% Cxse * 33502 nggme
B2y = Eé?—e-

B3t = 0

Bay = §%§ Cmge * ;%ggy Emdg%QQ

Lateral-Directional Equations

As in the longitudinal 2quations, a linearization about an

arbitrary equilibrium point was completed. Thus

U=Ug+u
V=uyv
V=9
W=w
P=p
P=p
R=r
R=r

Substituting into Eq (40) and ignoring second order terms produccd the

linearized perturbation equations

sFy = m(v + Ugr)
IL=p Iy -rly
N = -ﬁ Ixz - r I;
N
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The lateral-directional forces and moments consisted only of aero-

dynamic and gravitational forces. As before, the aerodynamic forces
were 1ift and drag; however, in this case they were a function of g,
r, p, Sa, and &r. The gravitational forces were a function of only ¢.

Hence, in functional form

FFy = Fy (B) r) p’ Gaa 6r!¢)
sL=L (8, r, p, sa, &r) (53)
iN=N (8, r, p, Sa, &r)

Expanding the y-force equation of Eq (53) in a first order Taylor series

expansion
By T SE et Rt gp Pt oas %@
+§£.Z 5r\+§f.x_¢ (54)
38T 3
Recall
Fy gravity =mg sin ¢
Therefore
aFy .
75 mg Ccos ¢
~ Mg
Also
V:UO
v - Upg

Substituting the above and Eq (54) into £q (52)

mUg (,‘: +r) = 3{1 &+ l%{ ro+ aFy p

op
oF OF
+ ﬁfg'ﬁa + ?K% §ro+ mg ¢ (55)
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Substituting the lateral-directional stability derivatives (Table XX)
into Eq (55)

o, mio n'o b mg
Cys et Ty 2 gt wg | T

b -
_?Ua.cyp P = Cyag 628 + Cygp 6T (56)

This same procedure was used for the rolling and yawing moment

equations with the following results

b xz s o b Ix
Cog B oo Cp T s T P s P
= Cgaa sa t C%Y' sr (57)
b Iz . _ b Axzo
Cnz 8- pyg Cnr T ¥ 555 Y 20 Cp P s P

= Cngy €@ +Cpyp o1 (58)

As before, Eqs (56) - (58) neaded to be put in state equation

form. Solving Eq (56) for 8

- _Sq 5+ | S9b . ]
E mig Cyg 8+ {ZmU‘ol2 Cyp ]] rt Uo ¢

Sqb_, 5q 39
t nUg2 Cyp v+ o Cysy 53+ 0 Cysp SF (59)

Solving Eq (57) for p

oS, S@l L ;
P =1y CL@ P 2Uolx Cop v * Ix "
Sqb? S ¢, S ¢, 6
* SlgTx Cop Pt 7, Cray s+ 7 Cogp o (60)

Substituting Eq (60) into Eq (58) and solving for r

105




Table XX. Definitions of the Lateral-Directional Stability Derivatives

. L aFy 1oL
Cve = 57 5% Cisa =S ea
2Ug afy N
Cre = Sgb "~ or Cogp = Sgb  3ér
. 20 afy S
Cyp Sab sp Cng = Sgb 3B
. 1 3Fy - 2Ug, N
CYsa = S5 3sa Cny = 5552 5r
. 4 3Fy - 2Uo, BN
Cysr = Sg Ber Cnp = gb¢ ?p
1 oL
CQ = TRi sa Cn = _.]__ _a.’i_.
B Sgb 8B sa = S35 Hea
Ly Sgbé ar Ngr = Sgb  3ér
c. . 2 oL
p Sqo¢ 3p
I
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c2 [ 6 I Ix
& _g—;giz Cop + 42 ‘g‘Ub'?‘x ’lrw r
" & [%Cnaa + 2R Cﬂcsaj o
t & [SIZ Cnge + 2 Cagy |or (61)
where
c2=1- Tii%g

Substituting Eq (61) into Eq (60) and solving for P

. [sa 2
= | 39 Ixz Sgb _Ixz%
P17 ki MMt e VT T B
] _ -
Sl Ixz _S@p2 Ixz®
Yol dUgce Tx Tz O tatemx Yo N T er Tz ) T
[ sqb2 Ixz _Sgv? %22 -
Yogez Tz e taplx S [P ter iz ) P
(s Ixz sgb Ixz2 ]
D _2XZ
* L C2 Ix Iz Cn&a * Ix C‘lsa [i] * 21xlz j} sa
i _—
+ | S@b Ixz Sgb Axz® ]
* [ G ToT Cner t Ty G |Vt etag ) O (62)
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Choosing
Xp = B
‘= r
X3 = ¢
X4 = P

Eqs (59), (61), and (62) formed the desired state equation as

x=Ax + B | éa emd

(63)
Se cmd

where
_ 1x22
cz=1- Ix1z
- 59
AT = 5 Uo Cys

. _Sgb
Atz = 2mlQ Cyp - 1

A22 = ¢, _2gTz Cnr * 17 200k

A23 =0

. 1| sa2 L Sg?
A = & {2(}012 Cnp + =17 ZUoTx Cwp




A3
A32
A33

A3q

Agy

A42

Ra3

B21

B32

B4y

B42

0
0
0
1
Sgb Ixz Sab ¢ D s dxdl
2 Txiz CMe T I “fe 711z
2

_S_E_l_b.g _I_X___ +__.S§§_. C 1 + IXZZ
20002 Txlz o0 F 2plx “hr e
0
sp?  Ixz oo 4 S ¢ [1+ 2 |
20pC2 Ixlz ~"P T 2Uplx “fp C2IxIz]
sg
mUg Cysa
m—Ug Cysr
1 [s Le S ]
(3 [% Cnsa * 717 “Ix “%ea
1 |5gb Ixz S%
(W3 [——(I% Cnge * 717 I C’Zér]
0
0
s 1 sgb, I |
.—%?— —Ié%z CnGa + Ix CQG& ] * ’CZ‘I‘XT_Z__
sgp I Sab Ixz2
B Cng P G [V E2IT: |
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Summary
The complete form of the force and moment equations can be found
in Eqs (35) and (38). The decoupled linearized perturbation equations

can be found in Eqs (41) and (52). Lastly, the longitudinal and lateral-

directional state equations can be found in Eqs (51) and (63).




Appendix C

Time Responses

Representative time responses were generated for the basic RPV,
the augmented RPV, and the nonlinear simulation and are contained in
this appendix. Each figure contains a series of three time responses,
one for each of the systems mentioned above. This arrangement facili-
tates easy comparison between the different systems. The longitudinal
time responses are displayed in Figs 30 - 35. The lateral time re-

sponses are given in Figs 36 - 44. Llastly, the directional time

responses are contained in Figs 45 - 53.
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